Abstract Transcription factors play an important role in the pathophysiology of many neurological disorders, including stroke. In the past three decades, an increasing number of transcription factors and their related gene signaling networks have been identified, and have become a research focus in the stroke field. Krüppel-like factors (KLFs) are members of the zinc finger family of transcription factors with diverse regulatory functions in cell growth, differentiation, proliferation, migration, apoptosis, metabolism, and inflammation. KLFs are also abundantly expressed in the brain where they serve as critical regulators of neuronal development and regeneration to maintain normal brain function. Dysregulation of KLFs has been linked to various neurological disorders. Recently, there is emerging evidence that suggests KLFs have an important role in the pathogenesis of stroke and provide endogenous vaso-or neuro-protection in the brain's response to ischemic stimuli. In this review, we summarize the basic knowledge and advancement of these transcriptional mediators in the central nervous system, highlighting the novel roles of KLFs in stroke.
Introduction
Currently, thrombolytic therapy within a narrow time window is the only acute therapeutic intervention for ischemic stroke and development of effective therapies is urgently required (Stapf and Mohr 2002; Schellinger and Warach 2004) . Extensive research has demonstrated that stroke triggers abnormal cerebral gene expression to activate complex cellular biochemical events that eventually lead to apoptotic and necrotic neuronal death in the ischemic regions (Love 2003; Yuan 2009 ). However, the delicate mechanisms of stroke-induced neuronal death and neurological dysfunction are not completely understood.
Transcription factors are proteins that control which genes are turned on or off in the genome, which are essential for the regulation of gene function in a transcriptional manner. During acute stroke, the brain responds to ischemic insults very quickly by activating many transcription factors in various neural cells to mediate diverse cell signaling cascades and pathogenic processes including but not limited to inflammation, oxidative stress, neuronal survival, neuroprotection, neurogenesis, and angiogenesis (Chang and Huang 2006; Scholzke and Schwaninger 2007; Yi et al. 2007) . It is becoming increasingly evident that suppression or activation of the stroke-responsive cerebral transcription factors may ameliorate stroke damage and improve clinical outcomes (Yi et al. 2007 ). For example, inhibition of NF-κB effectively prevents ischemic stroke-induced brain damage by regulating inflammation and cell survival (Schneider et al. 1999; Nurmi et al. 2004) , whereas activation of peroxisome proliferator-activated receptor γ (PPARγ) (Sundararajan et al. 2005; Zhao et al. 2005; Luo et al. 2006; Tureyen et al. 2007; Zhao et al. 2009 ) was shown to reduce post-ischemic inflammation and neuronal damage in rodent experimental stroke models. Obviously, a better understanding of the functional importance of novel transcription factors in the regulation of post-ischemic pathophysiological events as well as their activation or inactivation through small molecules or drugs may eventually lead us to discover novel pharmaceutical targets for the treatment of ischemic stroke.
Krüppel-like factors (KLFs) have been discovered as a novel family of transcription factors that trans-activate or trans-suppress gene expression in various organisms. KLFs are highly distributed in various neural cells in the brain and have been implicated in a variety of human neurological diseases (Moore et al. 2009; . Within this review, we will focus on recent advances describing the role and mechanisms of KLFs in neurological disorders, with a focus on ischemic stroke. We will also discuss the potential clinical applications of these transcriptional molecules as novel therapeutic targets for ischemic stroke.
Biology and function of Krüpple-like factors
Krüppel-like factors (KLFs) are members of the zinc finger family of transcription factors that have been shown as important regulators in cellular growth and differentiation (Black et al. 2001; Kaczynski et al. 2003; Pearson et al. 2008; McConnell and Yang 2010) . They are named based on their sequence homology with the DNA-binding domain of the Drosophila melanogaster Krüppel protein, an embryonic pattern regulator. Drosophila embryos deficient in Kruppel die as a result of abnormal thoracic and abdominal segmentation and thus appear "crippled" (Nusslein-Volhard and Wieschaus 1980; Jackle et al. 1985; Preiss et al. 1985) . The first KLF gene, erythroid Krüppel-like factor (KLF1/EKLF), was initially discovered from the red blood cell lineage in 1993 (Miller and Bieker 1993) . To date, a total 17 members of the mammalian KLF family have been identified in a chronological order of discovery, and referred to as KLF1 to KLF17 (Black et al. 2001; Kaczynski et al. 2003; Pearson et al. 2008; McConnell and Yang 2010) .
Similar to other classical transcription factors, KLF proteins feature a DNA-binding domain at the carboxyl termini, which consist of three highly conserved Cys2/His2 zinc-finger motifs. These fingers allow KLFs to bind to CACCC elements and GC-rich regions of DNA in the promoters of their downstream target genes. Although conservation within their DNA binding domains means that KLFs can interact with the same DNA sequences, it should be noted that different family members have preferences for different sequences (Black et al. 2001; Kaczynski et al. 2003; Pearson et al. 2008; McConnell and Yang 2010) . It is worth noting that the functional domains of the KLFs are at the amino-terminal regions, which are not conserved and much more variable among the family members. These regions contain transcriptional activation and/or repression domains to permit KLF interaction with cofactor complexes (i.e. co-activators or co-repressors), thus allowing KLFs to activate and/or repress downstream gene expression, and regulate epigenetic modification and diverse functional phenotypes. According to the diversity of the amino termini in structural and functional features, KLF transcription factors have been classified into several subgroups and differ in their transcriptional activities (Black et al. 2001; Kaczynski et al. 2003; Pearson et al. 2008; McConnell and Yang 2010) . In addition, KLF family members have nuclear localization signal sequences, which are located within or adjacent to the zinc finger motifs (Shields and Yang 1997; Song et al. 2002) .
The biological functions of KLFs are mainly identified by gene knockout studies. Through manipulating the expression of a large number of downstream target genes, KLF transcription factors regulate cellular processes in many distinct cell types in virtually all cellular functions, including cell proliferation, differentiation, migration, metabolism, apoptosis, cell growth/ death, and reprogramming somatic cells into induced pluripotent stem (iPS) cells (Black et al. 2001; Kaczynski et al. 2003; Pearson et al. 2008; McConnell and Yang 2010) . Of note, KLFs regulate gene expression profiles and cellular function in a cell/tissue-and/or promoter-specific manner (Kaczynski et al. 2003) . Generally, individual members of the KLF family can function as transcriptional activators or repressors depending on which promoter they bind to and the recruited coregulators which they interact with (Kaczynski et al. 2003) .
KLFs are involved in many physiological and pathological processes such as hematopoiesis, embryogenesis/organ development, cardiac remodeling, blood vessel and lung development, neurite outgrowth, angiogenesis, neurogenesis, metabolic regulation, bone metabolism, gluconeogenesis, adipogenesis, cardiac fibrosis, cardiac hypertrophy, neoplasia, thrombosis, restenosis, atherosclerosis, carcinogenesis, tumor suppression, tumor progression, shear stress, and inflammation (Black et al. 2001; Kaczynski et al. 2003; Atkins and Jain 2007; Haldar et al. 2007; Pearson et al. 2008; McConnell and Yang 2010; Nayak et al. 2011; Wu and Wang 2013) . Thus, KLFs are critical regulators of physiological systems that include the hematological, skeletal, digestive, central nervous, cardiovascular, respiratory, and immune systems. Numerous studies have also been published that demonstrate their contributions to various human diseases including cancers, diabetes, obesity, cerebrovascular diseases, neurodegenerative diseases, cardiovascular diseases, and inflammatory conditions (reviewed previously (McConnell and Yang 2010)). As research on KLFs is in progress, additional KLF functions and associations with human diseases are likely to be discovered soon. Here, we are only reviewing and discussing studies that implicate those KLFs as important players in neurobiology and neurological disorders.
Role of KLFs in nervous system development and regeneration
Generally, KLFs are expressed ubiquitously throughout other body tissues, and single cells normally contain multiple KLFs that may act as a functional network (Turner and Crossley 1999; Black et al. 2001; Eaton et al. 2008 ). In the nervous system, there are few systematic examinations of KLF expression but a number of KLFs have been found in various neural cell types including neurons, astrocytes, microglia, oligodendrocytes, and cerebral vascular cells (Table 1 , and Fig. 1 ). Of note, retinal ganglion cells (RGCs) express almost all 17 KLFs (Moore et al. 2009) , and the expression patterns and abundance of these KLFs change during neural developmental to correlate with their different effects on neurite growth . In addition to RGCs, it is unclear if other brain cells express all 17 KLF transcription factors as well. Also, cell-type specific functions of KLFs have been demonstrated in other systems, as evidenced by the findings that KLF4 inhibits proliferation and promotes differentiation in the skin cells of the epidermis (Segre et al. 1999 ) but has opposite effects in the induction of pluripotency in somatic cells (Takahashi and Yamanaka 2006; Zhao and Daley 2008) . However, the cell-type specific expression patterns and related functional differences of KLFs have not been determined in the nervous system (Kaczynski et al. 2003; .
It has been shown that KLFs can regulate and contribute to a variety of normal neurobiological activities, including neurite outgrowth and axon regeneration (Moore et al. 2009; Caiazzo et al. 2010; Avci et al. 2012; Blackmore et al. 2012) , neuronal differentiation and migration (Caiazzo et al. 2010; Ohtsuka et al. 2011; Qin et al. 2011; Qin and Zhang 2012; Seo et al. 2012) , neuronal development and plasticity (Laub et al. 2006; Bonett et al. 2009; Scobie et al. 2009; Caiazzo et al. 2011; Bagamasbad et al. 2012) , astroglial activation (Qin et al. 2011) , microglial activation (Kaushik et al. 2010; Kaushik et al. 2012) , oligodendrocyte differentiation and myelin regeneration (Duncan et al. 2012) , neurogenesis (Scobie et al. 2009; Perez-Monter et al. 2011) , and cell reprogramming (Table 1) . Interestingly, more attention has been paid to the physiological functions of KLF 4, 6, 7, and 9 in the nervous system. KLF7 has strictly-restricted high levels of expression in many embryonic brain regions such as the olfactory bulb (OB), cerebral cortex, hippocampus, mesencephalon, and subventricular zone and reflects an essential role in neural development. It has been reported that KLF7 is required for OB dopaminergic neuron development. Deletion of Klf7 in mice results in a significant reduction of tyrosine hydroxylase and dopamine receptors in OB neurons (Laub et al. 2006; Caiazzo et al. 2011) . Genetic deficiency of Klf7 also leads to deficits in neurite outgrowth and axonal regeneration which eventually cause neonatal lethality in mice (Moore et al. 2009; Caiazzo et al. 2010; Blackmore et al. 2012) . KLF7 is also needed for the differentiation of neuroectodermal and mesodermal cells by regulating several neuronal markers, including the microtubule-associated protein 2, nerve growth factor tyrosine kinase receptor A, and brain lipid-binding protein/ fatty acid-binding protein 7 in the PC12 cell line or neural stem cells (Caiazzo et al. 2010) .
KLF4 is another KLF transcription factor that exhibits a broad range of regulatory functions in the nervous system. Outside the nervous system, Klf4 is one of four key pluripotency genes responsible for reprogramming fibroblasts or other somatic cells into induced pluripotent stem (iPS) cells (Takahashi et al. 2007) . Recently, Moore and others (Moore et al. 2009 ) examined the role of 17 KLF members in the regulation of neuronal regenerative capacity, and revealed that KLF4 is the most effective suppressor of neurite outgrowth and intrinsic axon regeneration in primary retinal ganglion cells and cortical neuron cultures. In contrast, KLF6 and -7 enhance neurite growth and axon regeneration. Interestingly, these effects are not related to cell survival status since all tested KLF family members had no significant effect on neuronal death by in vitro gain-or loss-of-KLF function (Moore et al. 2009 ). KLF4 expression was also shown to be upregulated by NMDA or AMPA treatment in cortical neuron cultures (Zhu et al. 2009 ), which led to increased caspase-3 levels but not effecting neuronal survival. Moreover, earlier findings also demonstrated that KLF4 is involved in microglial activation and promotes release of proinflammatory cytokines, tumor necrosis factor-alpha, macrophage chemoattractant protein-1, and interleukin-6 as well as proinflammatory enzymes, inducible nitric oxide synthase and cyclooxygenase-2 in lipopolysaccharide-treated microglial cells (Kaushik et al. 2010; Kaushik et al. 2012 ). In addition, dysregulation of KLF4 during mouse brain development results in elevated GFAP expression and hypertrophy of astrocytes, leading to hydrocephalus (Qin et al. 2011) . Most recently, Qin et al. also reported that KLF4 regulates neurogenesis and radial migration of neurons in the developing cerebral cortex by regulating the JAK-STAT signaling pathway (Qin and Zhang 2012) . KLF9 has also appeared as an important transcription factor regulating the neural regenerative potential in the CNS. Similar to KLF4, KLF9 overexpression significantly decreases neurite growth and axon regeneration in primary retinal ganglion cell and cortical neuron cultures (Moore et al. 2009 ). During hippocampal development and neurogenesis in adults, KLF9 is required for late-phase maturation of dentate granule neurons. A lack of KLF9 in mice results in delayed maturation of hippocampal neurons, impaired neuronal differentiation, reduced neurogenesis, and synaptic plasticity, as well as abnormal learning and memory ability (Bonett et al. 2009; Scobie et al. 2009; Bagamasbad et al. 2012) . KLF9 was also recently found to promote oligodendrocyte differentiation in cultured oligodendrocyte precursor cells (OPCs). Loss-of-KLF9 function in mice does not affect normal myelin development but significantly impairs the ability of the mature CNS to regenerate lost myelin in both the cortex and corpus callosum after cuprizone-induced demyelinated lesions (Dugas et al. 2012 ).
Role of KLFs in neurologic disorders: focus on stroke
Although the biological functions and molecular mechanisms of most KLF family proteins are largely unknown, a growing body of evidence links several KLFs to multiple human disease statuses in the nervous system (Table 2) , such as carcinoma in the CNS (Jeng and Hsu 2003; Kimmelman et al. 2004; Camacho-Vanegas et al. 2007; Nakahara et al. 2010; Ying et al. 2011; Schnell et al. 2012 ), Alzheimer's disease ), depression and alcoholism Fig. 1 Schematic representation of stroke-associated KLFs and signaling cascades. KLF4 is induced in reactive astrocytes in rat hippocampus after global cerebral ischemia, and may transcriptionally regulate astroglial reaction and cerebral inflammation following ischemic injury (Park et al. 2013 ). KLF2 level is decreased in blood outgrowth endothelial cells (BOECs) derived from stroke children with sickle cell anemia (SCA) than in non-SCA BOECs, thus changes the ratio between proinflammatory NF-κB/p65 to anti-inflammatory factor KLF2 and leads to a proinflammatory phenotype within the cerebral vasculature (Enenstein et al. 2010) . In mouse brain vasculature, ischemic stimuli induce KLF2 (Shi et al. 2013) or KLF11 dysfunction (Yin et al. 2013) , featuring attenuated KLF2 trans-activation of tight junction protein occludin or reduced KLF11-mediated PPARγ vascular function, thereby resulting in a series of cerebral vascular pathologies, such as BBB damage/dysfunction, disturbed cerebral vascular protection, and final neuronal cell death (Duncan et al. 2012) , chronic stress (Grunewald et al. 2012) , hydrocephalus (Qin et al. 2011) , epilepsy (Jeong et al. 2011 ), NMDA neurotoxicity (Zhu et al. 2009 ), cerebral malaria (Srivastava et al. 2010) , neuroinflammation (Kaushik et al. 2010; Kaushik et al. 2012; Kaushik et al. 2013) , and schizophrenia (Yanagi et al. 2008 ). This list (Table 2) is expected to expand quickly as more studies are performed. Of importance, the functional mechanisms and potentially clinically-relevant intervention through targeting KLFs in these neurological disorders need to be uncovered.
As described above, dysregulated cerebral KLFs have been linked to a variety of neurological diseases. However only a few of them have been studied in the ischemic brain ( Fig. 1 ) (Enenstein et al. 2010; Park et al. 2013; Shi et al. 2013; Yin et al. 2013 ). Our laboratory, together with another research team, is among the first to determine the role of KLFs in cerebrovascular function and the pathogenesis of ischemic stroke (Shi et al. 2013; Yin et al. 2013) . During cerebral ischemia, cerebral vascular endothelial cells are a major target for the generation of cerebrovascular damage. There is increasing evidence showing that ischemia-induced cerebral endothelial injury or death increases vascular permeability and BBB disruption, leading to primary and secondary ischemic brain injury (del Zoppo and Hallenbeck 2000; Wang and Lo 2003; Ishikawa et al. 2004; Huang et al. 2006; Sandoval and Witt 2008; Yin et al. 2010) . Therefore, protection of the cerebral endothelium becomes an important therapeutic target for stroke (Fagan et al. 2004; Rodriguez-Yanez et al. 2006; Fisher 2008 ). Recent studies have highly documented that partial KLF family members (KLF2, KLF4, KLF5, KLF6, and KLF11) are implicated in developmental and pathological vascular processes (Suzuki et al. 2005; Atkins and Jain 2007; Fan et al. 2012; Yin et al. 2013) . However, the function of the KLF family in the cerebrovascular pathologies following ischemic stroke is largely unexplored. In a recent publication (Yin et al. 2013 ) to investigate the role of PPARγ and its coregulators in cerebrovascular endothelial dysfunction after stroke, we screened for PPARγ coregulators using a genomewide and high-throughput coactivation system and revealed one of the KLF transcription factors, KLF11, as a novel PPARγ coregulator, which was further confirmed to physically interact with PPARγ and enhance its transcriptional function in mouse BMEC cultures. Moreover, we also found that loss-of-KLF11 function via genetic deficiency effectively abolished PPARγ agonist pioglitazone-mediated cytoprotection in mouse BMECs after exposure to oxygen glucose deprivation (OGD). Similarly, cerebrovascular protection derived from PPARγ activation by pioglitazone was also significantly reduced in KLF11 knockout mice after middle cerebral artery occlusion (MCAO) in comparison with its wild-type controls. Mechanistically, we demonstrated that KLF11 enhanced PPARγ transcriptional suppression of the microRNA-15a (miR-15a) gene, resulting in endothelial protection in BMEC cultures and cerebral microvasculature after ischemic stimuli. Thus, our data clearly indicate that recruitment of KLF11 as a novel PPARγ coregulator is required for PPARγ-mediated cerebrovascular protection in ischemic stroke. It is anticipated that elucidating the coordinated actions of KLF11 and PPARγ will provide new insights into understanding the molecular mechanisms underlying PPARγ function in the cerebral vasculature and help to develop a novel therapeutic strategy for the treatment of stroke.
It is worth noting that KLF11 is a member of the KLF family with high expression in vascular endothelium (Fan et al. 2012) , and emerging data from population genetics studies suggest that KLF11 gene single nucleotide polymorphisms (SNPs) are significantly associated with type 2 diabetes (Neve et al. 2005; Fernandez-Zapico et al. 2009 ). Indeed, MODY7, an early-onset type 2 diabetes mellitus, is caused by mutations in the KLF11 gene (Fernandez-Zapico et al. 2009 ). These findings suggest KLF11 as a diabetes-associated transcription factor. Since human type 2 diabetes mellitus is a major risk factor for stroke (Ringelstein and Nabavi 2000; Allen and Bayraktutan 2008) , and PPARγ agonists (thiazolidinediones, rosiglitazone and pioglitazone) show efficacy in treating type 2 diabetes clinically (Yki-Jarvinen 2004) and appear to reduce brain injury after stroke in rodent models (Sundararajan et al. 2005; Luo et al. 2006; Victor et al. 2006; Tureyen et al. 2007; Wilcox et al. 2007; Zhao et al. 2009 ), our identification of KLF11 as a key co-activator in the regulation of PPARγ cerebrovascular protection after ischemic stroke has established an essential link between ischemic stroke and its major risk factors, such as diabetes. In addition, it is worth noting that in our recent publication, the functional significance and mechanisms of KLF11 itself as a novel diabetes mellitus-associated transcription factor in regulating cerebrovascular pathogenesis in ischemic stroke have not been revealed, especially in comorbidities of interest such as diabetes. Also, to better understand the functional importance of KLF11 in stroke-induced pathophysiological paradigms in the brain, neural cell-specific genetically-manipulated mice must be generated and employed in future studies.
Concurrently, another group led by Drs. Atkins and Jain investigated the role of KLF2 in cerebrovascular dysfunction and the pathogenesis of ischemic stroke in mice (Shi et al. 2013) . KLF2 is one of the most highly investigated KLF members in endothelial biology, and has been reported to regulate endothelial inflammation (SenBanerjee et al. 2004 ), thrombotic function , atherosclerotic progression (Atkins et al. 2008) , endothelial proliferation, migration, angiogenesis (Bielenberg et al. 2004; Bhattacharya et al. 2005; Dekker et al. 2006) , and endothelial barrier integrity (Lin et al. 2010) as well as vasoreactivity and vascular tone (Dekker et al. 2005; Dekker et al. 2006; Parmar et al. 2006) . In this study, ischemia-induced brain infarction and BBB leakage were significantly increased in tamoxifen inducible global KLF2 knockout mice, whereas markedly decreased in the inducible KLF2 transgenic mice following 1 h MCAO and 48 h reperfusion. Consistent with these in vivo findings, adenoviral-mediated in vitro gain-or loss-of-KLF2 function in primary human brain microvascular EC cultures was able to reduce or increase OGD-induced endothelial barrier injury, respectively.
Mechanistically, KLF2 was shown to trans-activate a key BBB tight junction factor, occludin both in in vitro and in vivo studies. These data are the first to identify KLF2 as a novel stroke-protective factor in the cerebrovasculature through its regulation of BBB structure and function (Shi et al. 2013) . As the authors discussed in the article, the use of endothelial cellselective transgenic and conditional knockout mice will be important for fully investigating the specific role of endothelial KLF2 in the regulation of BBB and subsequent neuroprotection after ischemic stroke. Also, KLF2 is expressed in several blood immune cells (e.g., monocytes and macrophages (8, 23) and cerebral microglia. Additional contributions from other cells may also be important to the overall KLF2-mediated vaso-and neuro-protection in ischemic stroke.
In humans, KLF2 was found at lower levels in blood outgrowth endothelial cells (BOECs) derived from stroke children with sickle cell anemia (SCA) than in non-SCA BOECs, changing the dynamic balance between proinflammatory NF-κB/p65 and anti-inflammatory KLF2. This imbalance of KLF2 and NF-κB/p65 may lead to a proinflammatory phenotype within the cerebral vasculature and potentially increase the risk of stroke in children with sickle cell anemia (Enenstein et al. 2010) .
Reactive astrogliosisis, a characteristic response of astrocytes to brain injury and neurological disorders, contributes to the pathogenesis of ischemic stroke (Jorgensen et al. 1993; Chen and Swanson 2003; Pekny and Nilsson 2005; Sofroniew 2009) . Accumulating evidence has shown that KLF transcription factors are actively involved in this pathological process. A recent study using genomic analysis has demonstrated that KLF5 and KLF6 are induced in fluorescence activated cell sorting (FACS)-isolated reactive astrocytes from mouse brains following MCAO (Zamanian et al. 2012) , suggesting a potential role of KLF5 and KLF6 in the regulation of the astroglial reaction in the injured brain. Also in another recent study, the involvement of KLF4 in the astroglial reaction after global ischemic injury was investigated. The observation from this group was that KLF4 immunoreactivity was not detected in resting astrocytes in the hippocampus. However, 3 days after ischemia, KLF4 immunoreactivity appeared to be increased in reactive astrocytes preferentially located in the CA1 regions, and this increase persisted until at least 4 weeks after ischemia. Interestingly, no significant KLF4 immunoreactivity was observed in microglial cells. Consistent with the in vivo findings, the induction of both KLF4 mRNA and protein levels was also observed in cultured rat primary Duncan et al. 2012; Grunewald et al. 2012 cortical astrocytes after exposure to OGD. These data are the first to demonstrate that KLF4 expression was specifically induced in astroglia by ischemic injury both in vivo and in vitro (Park et al. 2013) . Although the exact role and underlying mechanisms of KLF4 in global ischemia are not addressed in this article, their findings of upregulated KLF4 expression in astrocytes may imply KLF4 as a transcriptional regulator following ischemic brain injury. Further investigation in-depth needs to be performed in the future. Taken together, KLFs are highly expressed in various neurovascular cells in the brain. Recent studies have highlighted the emerging role of KLF11 and KLF2 in the regulation of cerebrovascular endothelial dysfunction and subsequent brain injury in ischemic stroke. New experimental data have also shown a potential transcriptional regulation of KLF4, KLF5, and KLF6 on reactive astrogliosis after focal or global ischemia. These data reveal KLF transcription factors as novel mediators in the pathophysiology of stroke. However, KLFs have not been fully investigated for their roles in the central nervous system, and even less attention has been paid to the functional importance of stroke-associated or responsible KLFs. More experimental evidence regarding KLF function in neurons, microglia, oligodendrocytes, and other neural cells in the in vitro and in vivo cerebral ischemic stimuli remains totally undetermined, and needs to be uncovered in-depth.
Future Prospects for investigating KLFs in stroke pathologies
Although increasing evidence has shown that dysregulated KLF profiles relate to a variety of neurological diseases including stroke, it is worth noting that we are still at the very early stages in understanding the functional importance of KLF transcription factors in the stroke research field. Future studies will focus on elucidating the functions of different KLF members in cell cultures and experimental animals after cerebral ischemia. In particular, utilization of general or neural cell-specific KLF transgenic and knockout animals will be necessary to further clarify the role and underlying mechanisms of individual KLFs in the pathogenesis of stroke (Shi et al. 2013; Yin et al. 2013 ). In addition to exploring the roles of KLFs in ischemic stroke by using animal and cell culture models, data from human stroke patients or from populationbased stroke epidemiology studies will better address the functional importance of KLFs in stroke and other neurological disorders (Enenstein et al. 2010) . Also, the neuronspecific functions of KLFs remain unclear in ischemic brains (Shi et al. 2013; Yin et al. 2013 ) and need to be uncovered in future studies.
Moreover, the molecular regulatory mechanisms of particular KLFs in ischemic brain damage may also need to be elucidated to fully understand the function of these essential transcription factors in stroke. Specific attention will be paid to the careful identification of KLF downstream target genes, associated signaling pathways/networks, and also neural celltype specificity of KLFs.
Furthermore, understanding the upstream factors that are able to modulate KLF expression and function will become necessary in the pathophysiology of stroke, which will provide new insights and potential for the development of pharmaceutical agents that affect KLF activity in the central nervous system and intervene against neurological disorders (Yin et al. 2013) . Based on the molecular structures of KLF proteins that contain transcriptional activation and/or repression domains at their amino termini, coregulators including coactivators and co-repressors are essentially required for the regulation of function of KLF transcription factors (Kaczynski et al. 2003) . Up to now, only a few interacting coregulators with KLFs have been discovered, such as p300/CBP, SWI/ SNF, mSin3A, and CtBP2 (Kaczynski et al. 2003) , making it another important research focus in stroke.
On the other hand, due to similarity in KLFs' DNA recognition sequences and their potential co-localization in neural cells (Black et al. 2001; Kaczynski et al. 2003; Pearson et al. 2008; McConnell and Yang 2010) , further investigation is also needed to explore the interaction among different KLFs (synergistic, competitive, or antagonistic) as a transcriptional regulatory network in ischemic brain injury. It is also worth noting that the precise mechanisms of these interacting networks in regulating neural cell survival as well as postischemic remodeling are still elusive.
Conclusion
In the present review, we have demonstrated KLF transcription factors as important players in neuronal development, regeneration, and plasticity in the brain. Especially, we have summarized the essential role of KLFs in the regulation of PPARγ-mediated cerebral vascular protection, blood-brain barrier dysfunction, and reactive astrogliosis in response to focal or global cerebral ischemia.
However, the functional importance and molecular control of the KLF family in the etiology of ischemic stroke is still in its infancy. The significant role of the KLF family of transcription factors in stroke studies is largely unknown, and many individual targets of KLFs within ischemic neural cells have not yet been identified. The elucidation of KLF-related mechanisms involved in ischemic brain damage may be important for our understanding in-depth the pathogenesis of cerebral ischemia. It is our notion that more insights into the molecular mechanisms of brain function mediated by KLF transcription factors are essential for us to identify novel therapeutic targets for further development of KLF-based therapies in ischemic stroke.
